The retinal pigment epithelium (RPE) transports nutrients and metabolites between the microvascular bed that maintains the outer retina and photoreceptor neurons. The RPE removes photoreceptor outer segments (POS) by receptor-mediated phagocytosis, a process that peaks in the morning. Uptake and degradation of POS initiates signaling cascades in the RPE. Upstream stimuli from various metabolic activities converge on mechanistic target of rapamycin complex 1 (mTORC1), and aberrant mTORC1 signaling is implicated in aging and age-related degeneration of the RPE. We measured mTORC1-mediated responses to RPE phagocytosis in vivo and in vitro. During the morning burst of POS shedding, there was transient activation of mTORC1-mediated signaling in the RPE. POS activated mTORC1 through lysosome-independent mechanisms, and engulfed POS served as a docking platform for mTORC1 assembly. The identification of POS as endogenous stimuli of mTORC1 in the RPE provides a mechanistic link underlying the photoreceptor-RPE interaction in the outer retina.
INTRODUCTION
Signaling pathways mediated by mechanistic target of rapamycin complex 1 (mTORC1) play central roles in maintaining cellular metabolic homeostasis by balancing catabolic and anabolic activities (1) (2) (3) . The spatial distribution of mTORC1 components is crucial for their functions (4) , and lysosomal surfaces are likely to be major sites of mTORC1 activation (1, 5, 6) . Recruitment of mTORC1 to the lysosomal surface is mediated by two protein complexes, Ragulator and heterodimer Rag guanosine triphosphatases (GTPases) (7, 8) . Ragulator has at least five protein subunits: p14, p18, MP1, HBXIP, and C7orf59 (or LAMTOR 1-5) (9) . It is a scaffold that tethers Rag GTPases to the lysosomal membrane (8) and also serves as a guanine nucleotide exchange factor for Rags (9) . GTP-loaded active heterodimeric Rag GTPase recruits mTORC1 (7, 10) . Certain lysosomal membrane transporter proteins, such as vacuolar H + -aden osine triphosphatase (V-ATPase) (11, 12) , SLC38A9 (13, 14) , and SLC15A4 (15) , function as nutrient sensors and facilitate mTORC1 activation. Localization of mTORC1 to subcellular organelles other than lysosomes has also been reported (4) . mTORC1 plays a key role in controlling organism longevity and tissue aging, particularly in postmitotic cells, such as the retinal pigment epithelium (RPE), which are susceptible to age-related degeneration (16) . The RPE is highly metabolically active. It is responsible for transporting nutrients and metabolites between the choroidal blood supply and the neural retina and is part of the visual cycle, converting all-trans-retinol into 11-cis-retinal. The 11-cis-retinal is transported into the retina and used by the G protein-coupled receptor opsin as the chromophore for photo transduction (17, 18) . Furthermore, photoreceptor outer segments (POS) that are shed daily are removed by the RPE through receptor-mediated phagocytosis (17, 19) . We have previously reported that aged RPE cells have increased lysosomal mass, increased mTORC1 activity, and decreased ability to degrade phagocytosed POS (20) .
RPE phagocytosis follows a diurnal pattern, which peaks at about 2 hours after lights are turned on in the morning because of synchronized disc shedding (21, 22) . POS discs are recognized and engulfed by the RPE through receptor-dependent mechanisms (19, (23) (24) (25) (26) . Internalized POS are transported to lysosomes for maturation and degradation. Renewal of POS by RPE phagocytosis is crucial for visual function, and the process is tightly regulated by the receptor tyrosine kinase MerTK and focal adhesion kinase (26) (27) (28) . Proteins of the autophagic machinery participate in POS trafficking through LC3-associated phagocytosis (LAP), which is a noncanonical autophagy pathway independent of the preinitiation unc-51-like kinase 1 (ULK1) complex (29) (30) (31) (32) (33) .
We sought to determine whether mTORC1 activity was regulated by phagocytosis (the most fundamental function of the RPE) and to explore the underlying mechanisms of mTORC1 activation. We found periodic changes in mTORC1 activity in response to the morning burst of phagocytosis in vivo, as well as increased mTORC1 activity in cultured RPE cells exposed to purified POS. Ingested POS served as a docking platform for recruiting mTORC1 components, and phagocytosis-induced mTORC1 activation occurred independently of lysosomal function. Transient activation of mTORC1 resulted in phosphorylation of ULK1, suggesting potential inhibition of the autophagy preinitiation complex. Together, these data demonstrate that internalized POS are physiological stimuli of mTORC1 through a signaling pathway that is distinct from the canonical amino acid-mediated pathway of activation.
relationship between mTORC1 signaling and RPE phagocytosis in vivo. To validate the time course of the morning burst of phagocytosis in our experimental animals, we prepared whole-mount tissues of RPE/choroid from C57 BL/6J mice at 1-hour intervals starting at the onset of light. Ingested POS were measured by immunostaining rhodopsin-positive particles in phalloidin-delineated RPE cells (Fig. 1A) . Consistent with previous reports (21, 22) , uptake of POS by the RPE increased after light onset and peaked about 2 hours later (Fig. 1, A and B) . Next, we examined mTORC1 activity in the tissue at the same times by immunostaining for the phosphorylated form of ribosomal protein S6, a downstream effector of mTORC1 (34) . There was a time-dependent change in S6 phosphorylation, which peaked at about 1 hour after lights on, followed by a return to basal levels thereafter (Fig. 1, C and D) . Phagocytosis-induced S6 phosphorylation was further confirmed by Western blot analysis of RPE tissues harvested around the time of the morning burst (Fig. 1,  E and F) . Maximum phosphorylation of S6 was detected 1 hour after lights on. The time course was similar using the two methods.
We further measured POS-induced mTORC1 activation in cultured RPE cells. Confluent ARPE-19 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing glucose (1 mg/ml) and 1% fetal bovine serum (FBS) overnight to minimize the basal activity of mTORC1. Dose dependence and time dependence of mTORC1 activation were measured in response to treatment with purified POS. S6 phosphorylation plateaued at a POS/RPE ratio of about 10:1 ( Fig. 2A) , a ratio routinely used in studies of RPE phagocytosis (35) . Exposing RPE cells to POS led to rapid but transient activation of mTORC1 (Fig. 2B) , which was similar to the time course observed in vivo (Fig. 1) . The level of phosphorylated S6 increased at 30 min, was sustained until 2 hours, and returned to the basal level within 6 hours after POS challenge. The mTORC1 inhibitor rapamycin inhibited S6 phosphorylation (fig. S1A), consistent with activation of mTORC1 by POS, although rapamycin treatment did not influence the rate of POS de gradation ( fig. S1B ). The mTORC1 substrates 4E-BP1 and ULK1 were also phosphorylated in ARPE-19 cells upon exposure to POS (Fig. 2, A and B) . Dose-and time-dependent mTORC1 activation by POS was also observed in cultured primary human fetal RPE cells ( fig. S2) . Similarly, Muniz-Feliciano et al. have reported that POS activated S6K phosphorylation in RPE-J cells (36) . Thus, results from in vivo tissues, cultured primary RPE cells, and immortalized cell lines all indicated that POS can activate the mTORC1 pathway in the RPE.
POS phagocytosis is mediated by cell surface receptors, and V5-integrin plays a major role in recognition and binding of POS (23) . We used small interfering RNAs (siRNAs) to knock down integrin 5, which suppressed POS engulfment, mTORC1 activation (Fig. 2C) , and S6 phosphorylation. We also treated RPE cells with latex beads, which are taken up through nonspecific, receptor-independent phagocytosis (37) . Consistent with the nonspecific nature of this phagocytosis, mTORC1 was not activated in RPE cells that engulfed latex beads (Fig. 2D and fig. S3 ). Together, these experiments demonstrated that POS phagocytosis activates mTORC1 in the RPE.
Redistribution of mTORC1 components to POS-derived organelles Subcellular localization has emerged as a key mechanism regulating mTOR activity (4) . Thus, we examined the distribution of mTORC1 components in POS-treated RPE cells (Fig. 3) . ARPE-19 cells can efficiently take up POS, indicated by the appearance of POSpositive phagosomes as early as 15 min after POS challenge ( fig. S4 ). Immunostaining and imaging of cultured RPE cells showed that, in the absence of POS, mTOR was localized to both the cytosol and the late endosome/lysosome, as indicated by patterns of diffuse and small punctate staining, respectively (Fig. 3) (4, 7) . There was apparent colocalization of mTOR with rhodopsin-positive organelles, which was seen as early as 15 min after POS exposure and persisted for 4 hours. During the time frame of 4 hours, ingested POS sequentially fused with endosomes and lysosomes (Fig. 3) , as indicated by colocalization of rhodopsin with EEA1 (an early endosome marker), Rab5 (an endosome protein crucial for transition of early endosome to late endosome), and LAMP2 (a lysosome marker).
Two protein complexes, the p18-containing scaffold Ragulator complex and Rag GTPases, are responsible for tethering mTORC1 to its activation site (7, 8, 12) . Both p18 (Fig. 4A) and RagA ( Fig. 4B ) colocalized with engulfed POS after 30 min. Similar changes were observed for Rheb (Fig. 4 , C and D), the small GTPase (4, 38, 39) essential for mTORC1 activation. The presence of mTOR, Raptor, p18, and RagA in POS-containing structures was further confirmed by Western blot analyses of the repurified POS-enriched fraction (Fig. 4E) , whereas Rictor, the unique component of the mTORC2 complex, was not detected in this fraction.
To validate these findings in vivo, we costained whole mounts of mouse RPE/choroid tissue with antibodies against mTOR, p18, Rag A, and rhodopsin during the morning burst of phagocytosis. Consistent with our in vitro observations, mTORC1 components were colocalized with rhodopsin-positive POS phago(lyso)somes (Fig. 4 , F and G) in the RPE. Collectively, our data showed that engulfed POS rapidly interact with organelles of the RPE vesicular trafficking system (40) and likely exchange membrane and protein components with these organelles.
Lysosome-independent mTORC1 activation induced by POS Assembly and activation of mTORC1 has been suggested to occur on the lysosomal membrane (41) . Our immunostaining studies showed that redistribution of mTOR to rhodopsin-positive organelles occurred quickly after POS uptake, raising the possibility that mTORC1 was activated before engulfed POS matured into phagolysosomes. This hypothesis was tested using various independent experimental approaches. Kinesin-1 light chain 1 (KLC1), the light chain subunit of microtubule motor kinesin-1, regulates motility of phagosomes and facilitates interactions between phagosomes and endosomes or lysosomes in the RPE (42) . siRNA knockdown of KLC1 suppressed the rate of POS degradation in cultured RPE cells without affecting uptake ( fig. S5 ) (42) . In contrast, POS-stimulated mTORC1 activity was comparable between control and KLC1-depleted cells (Fig. 5A) , indicating that the pathway of POS trafficking and degradation can be separated from that of POS-mediated mTORC1 activation.
In addition to KLC1, we found that an unconventional myosin motor protein, myosin VI (Myo6), was involved in POS transport and maturation in the RPE. Myo6 serves as a tethering protein between cargoes and the cytoskeleton, regulating trafficking processes, such as autophagy (43) . In both cultured RPE and in vivo RPE tissue, Myo6 colocalized with rhodopsin-positive phagosomes ( ). mTORC1 activity was modestly decreased in cells stimulated by both stimu li, indicating that Myo6 has regulatory roles in steps common to both POS-and nutrientinduced mTORC1 activation. Next, we used chloroquine treatment to disrupt the lysosome pH gradient. Consistent with previous reports (44) , chloroquine inhibited amino acidinduced mTORC1 activation and led to LC3-II accumulation (Fig. 6A) , indicative of lysosomal dysfunction. However, in the presence of chloroquine, mTORC1 still responded to POS and colocalized with rhodopsin-positive structures in the RPE (Fig. 6, A and B) . Quantification of imaging data regarding colocalization of rhodopsin with mTOR showed no differences between cells exposed or not exposed to chloroquine (Fig. 6B) . Furthermore, siRNA knockdown of subunits (ATPv1A and ATPv0C or ATPv1A and ATPv0D) of lysosomal V-ATPase, which promotes amino acid-induced mTORC1 ac tivation (12), led to decreased S6 phosphorylation in response to amino acids but not to POS (Fig. 6, C and D) . Collectively, these data demonstrate that POS-induced mTORC1 activation occurred independently of lysosomal function.
Colocalization of mTOR and mTORC1 components with rhodopsin-positive structures (Figs. 3 and 4F) suggested that POS or POS-containing early phagosomes can act as an activation site of mTORC1. To test this possibility, we performed a cell-free reconstitution assay using purified POS and lysosomedepleted cytosolic fractions and assessed mTORC1 signaling. The cytosol/membrane (C/M) fraction of ARPE-19 cells was prepared by differential centrifugation (Fig. 7A) . To remove lysosomes, the C/M fraction was subjected to either immunodepletion with an antibody specific to LAMP2 (C/M-Lyso) or ultracentrifugation at 100,000g (S100). Efficient removal of lysosomes was confirmed in both fractions by immunoblotting analysis (Fig. 7B) . When incubated with purified POS for the in vitro reconstitution and kinase assay, the C/M fraction exhibited increased mTORC1 activity. The phosphorylation of S6K at Thr 389 , the mTORC1-dependent phosphorylation site (45), was 1.61-fold higher in the C/M fraction containing POS than in the C/M fraction without POS (Fig. 7C) . Furthermore, addition of POS to C/M-Lyso also led to an increase in S6K phosphorylation. The ability of POS to activate mTORC1 was similar in the C/M fractions with or without lysosomes (Fig. 7D ). p85 S6K, rather than p70, appeared to be the major form Thirty rhodopsin-positive particles were analyzed for each protein from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 relative to cells exposed to POS for 15 min (one-way ANOVA and Dunnett's post hoc test). Scale bars, 20 m.
of S6K that was phosphorylated. S6, a protein substrate of S6K, normally has more robust activation than S6K in cultured RPE cells. In the reconstitution assay, however, S6 only exhibited modest phosphorylation after POS addition (Fig. 7, C and E) . This may indicate that subcellular organelles, such as lysosomes, facilitate the transduction of an initial activation signal to more robust downstream responses. The S100 fraction did not reliably lead to mTORC1 activation in the presence of POS (Fig. 7C) . We also used liposomes and the subcellular fractions to perform the reconstitution assay. Incubation of C/M-Lyso fraction with liposomes acti vated the mTORC1 pathway (Fig. 7 , F and G), suggesting that lipid membrane structures were sufficient to initiate mTORC1 activation in the in vitro reconstitution system.
DISCUSSION
Upstream stimuli of mTORC1 are diverse and can include growth factors, nutrients, changes in cellular energy level, or stress. We demonstrated that phagocytosis of POS can also serve as a physiological stimulus of mTORC1 in the RPE. Both in vivo and in vitro studies showed increased phosphorylation of downstream substrate proteins, such as S6, 4E-BP1, and ULK1. Components of the mTORC1 pathway, including mTOR, RagA, p18, and Rheb, were recruited to POS-derived structures. Synchronized photoreceptor disc shedding and RPE phagocytosis led to changes in mTORC1 activity around the time of the morning burst. Receptor-mediated phagocytosis was required for mTORC1 activation, which could not be achieved by phagocytosis of latex beads. During the revision of our manuscript, Ferguson's group similarly reported that S6K phosphorylation can be stimulated by POS phagocytosis in RPE-J cells (36) . Their data independently validate POS-induced mTORC1 activation in the RPE. Effective POS phagocytosis is a major task of the RPE, and dysregulated phagocytosis leads to retinal degeneration (26) . Rapid activation, followed by inactivation, of mTORC1 during the morning burst of phagocytosis is critical for RPE and retinal homeostasis. RPE cells use multiple intracellular trafficking systems, such as endocytosis and LAP, to ensure prompt removal and recycling of ingested POS (33, 40) . LAP and autophagy both use LC3-containing membranes. In contrast to autophagy, however, POS trafficking and degradation are not merely catabolic processes. RPE phagocytosis stimulates -oxidation of fatty acids and ketogenesis (46) . High mTORC1 activity supports aerobic glycolysis (47) and suppresses ketogenesis (48) , which may serve as an off signal after the cells have used free fatty acids derived from POS as metabolic substrates. When mTORC1 activity returns to basal level, utilization of glucose through glycolysis will be reduced, and the RPE can export glucose to support photoreceptor function (49) . Thus, the rhythmic activation and inactivation of mTORC1 in response to phagocytosis are likely essential for metabolic coupling between the RPE and photoreceptor neurons.
Starvation stimulates RPE autophagy in mice and suppresses POS degradation (36) , suggesting that autophagy and LAP may counteract each other. mTORC1 directly phosphorylates ULK1 at Ser 758 (50) to suppress macroautophagy. Conditions that stimulate mTORC1 activity have been reported to inhibit autophagy in different cell lines, including the RPE (51). Unlike classic autophagy, LAP does not require ULK1 complex formation (33) . When activated by POS, mTORC1 may suppress macroautophagy and reserve autophagic machinery for LAP, ensuring efficient POS degradation after the morning burst. However, the roles of mTOR in phagocytosis are not limited to its effects on autophagy initiation. We have previously shown that cells with persistent mTORC1 activation have impaired POS degradation (20) . With aging and/or degeneration, RPE cells exhibit increased mTORC1 activity (52) , which correlates with the accumulation of undigested POS. Future studies will be necessary to further elucidate the downstream signaling events of mTORC1 that control vesicular trafficking and lysosome-mediated degradation via RPE-specific mechanisms. Activation of mTORC1 requires spatial redistribution and reassembly of the protein complex and interaction with downstream substrates. In addition to localization to late endosomes and lysosomes, components of the mTORC1 pathway have been detected in other organelles, such as nuclei and mitochondria (4, (53) (54) (55) (56) (57) . However, it is unclear whether mTORC1 in various subcellular locations responds to different stimuli and/or regulates distinct substrates (4).
Findings from our current study suggest that POS-stimulated mTORC1 activation occurred independently of lysosomal function and distribution. Inhibiting lysosome functions blocked amino acid-induced, but not POS-induced, mTORC1 activation. Similarly, siRNA-mediated depletion of components of the lysosomal V-ATPase complex reduced mTORC1 activation by amino acids but not by POS. mTOR colocalized with POS-derived structures, and in vitro reconstitution assays further showed that POS-containing structures, most likely early phago somes, served as a docking platform for mTORC1. Initial mTORC1 activation in the early phase of phagocytosis could be further amplified when phagosomes fuse with lysosomes. This later step could lead to more robust mTORC1 activation, which can be effectively transduced to downstream proteins and is important for promptly turning off the signal. A major mechanism of mTORC1 inactivation is through redistribution of the TSC1/2 complex to lysosomes (1, 5) . Although the detailed mechanisms of activation remain elusive, utilization of early phagosomes of POS as activation sites may allow mTORC1 to respond rapidly during phagocytosis to meet cellular metabolic needs ( fig. S7 ). mTORC1 has been reported to be activated during phagocytosis and/or entosis of cell corpses in macrophages (58) . There are differences between engulfed POS-induced and cell debris-induced mTORC1 activation. The latter occurs late in phagocytosis and depends on the degradation of engulfed cargoes. In POS-induced mTORC1 activation, increased mTORC1 activity occurs shortly after phagocytosis. When lysosomal functions were impaired by a chemical inhibitor, mTORC1 was still stimulated by POS ingestion. Reducing the expression of V-ATPase, which is critical for amino acid-stimulated mTORC1 activity, did not affect POS-induced activation. Together, these data suggest that POS-activated mTORC1 is not a direct result of nutrient stimulation, in contrast to the situation with phagocytosis and degradation of cell debris.
In summary, we have demonstrated that POS internalization stimulated mTORC1 activity in the RPE and identified a mechanism of mTORC1 activation that is independent of lysosomal function and location. Because the RPE is the primary site of age-related macular degeneration and mTOR is a key regulator of aging, delineating the signaling pathways of mTORC1 in RPE should lead to improved strategies for intervention in age-related retinal diseases.
MATERIALS AND METHODS

Antibodies and chemicals
Primary antibodies used in the study are listed in table S1. Secondary antibodies were obtained from Life Technologies or LI-COR Biosciences. Chloroquine was obtained from Sigma-Aldrich. Latex beads were purchased from Life Technologies.
Cell culture and transduction with CRISPR/Cas system ARPE-19 cells (American Type Culture Collection) were grown and passaged in DMEM/Ham's F12 50/50 mix (Mediatech), supplemented with 10% FBS (Sigma-Aldrich) (59) . Primary cultures of human fetal RPE cells were established and cultured, as described previously (20) . Cells were grown and passaged in -MEM, containing 10% FBS, N1 supplements (10 ml/liter), MEM nonessential amino acid (10 ml/liter, 100×), 1 mM sodium pyruvate, and 2 mM glutamine on collagencoated plates and wells (Sigma-Aldrich). Cells at passages 3 to 7 were used for the experiments. Cells were maintained in a humidified carbon dioxide tank at 37°C and passaged at 90 to 100% confluence. Cas9 virus (lentiCas9-Blast) was purchased from Addgene. Lentivirusexpressing gRNA targeting Myo6 9 (pLV[gRNA]-Puro-U6>hMYO6) or scrambled gRNA (pLV[gRNA]-Puro-U6>Scramble_gRNA) was designed, cloned, and packaged by VectorBuilder. To establish ARPE-19 cells stably expressing Cas9 endonuclease, ARPE-19 cells were transduced with lentiCas9-Blast viral particles at a multiplicity of infection of 10:1 and selected with blasticidin (20 g/ml) for 7 days. ARPE-19 cells expressing Cas9 (ARPE-19 Cas9) were further transduced with lentiviral particles expressing either gRNA targeting human Myo6 or scrambled gRNA and selected with puromycin (10 g/ml) for 10 days.
Mice
Animal protocols were approved by the Institutional Animal Care and Use Committee of the University of Texas Medical Branch. Male C57 BL/6J mice (the Jackson Laboratory) were housed under cyclic 12-hour light/dark conditions (lights on at 7:00 am/lights off at 7:00 p.m.). Routine screening did not reveal the Rd8 mutation in the Crb1 gene (60) . Euthanasia was performed by exposure to carbon dioxide delivered at 2 liters/min through a three-stage gas regulator. All procedures were conducted in accordance with the Association for Research in Vision and Ophthalmology statement for the Use of Animals in Ophthalmic and Vision Research.
Immunofluorescence microscopy
Whole-mount tissues of RPE/choroid were prepared from 3-to 4-month-old mice, as described previously (20) . The tissues were fixed in 4% paraformaldehyde and permeabilized with ice-cold acetone. After blocking in 10% (v/v) FBS/0.5% (v/v) Triton X-100/1× phosphatebuffered saline (PBS), RPE flat mounts were stained with different antibodies. Nuclei were counterstained with Hoechst 33342 (Life Technologies). The F-actin-specific dye phalloidin (Life Technologies) was used to delineate the RPE boundaries. In some experiments, control RPE autofluorescence was determined using unstained wholemount tissues from the contralateral eye of the same animal.
For cell staining, cultured RPE cells were seeded on cover glass (20) . After fixation, permeabilization, and blocking, cells were labeled with primary antibodies, followed by labeling with the appropriate secondary antibodies. After nuclear counterstaining, samples were mounted on glass slides with mounting medium (Electron Microscopy Service). Images were acquired with a Carl Zeiss LSM 510 confocal microscopy system. Data were analyzed with ImageJ software or Zen software. Small interfering RNA siRNAs were synthesized by Integrated DNA Technologies. The targeting sequences were as follows: GAATAAATCTGCTCAGT-CTTTGG (Myo6 siRNA #1), GGAGGAATCCCAACAGCAAGCAG (Myo6 siRNA #2), GAACGAACAGCCTGACACATACG (ATP6V0C siRNA #1), GTCCATCATCCCAGTGGTCATGG (ATP6V0C siRNA #2), GAAGCAATCAGTAGAGAATTCAG (ATP6V1A siRNA #1), GACATTTCACCCTGCCTGCTCGTTCAT (ATP6V1A siRNA #2), GTCGCAACATCGTGTGGATCGC (ATP6V0D), CAATGAGG-AAG TT CGGAAACAGA (integrin 5 siRNA #1), and GTTGTC-CCAATGAAATACTGAGATG (integrin 5 siRNA #2). Predesigned Dicer-Substrate siRNAs specific for human KCL1 (hs.Ri.KLC1.13.2, hs.Ri.KLC1.13.2, and hs.Ri.KLC1.13.4) were purchased from Integrated DNA Technologies. Scrambled siRNA was obtained from Life Technologies. Cells were transfected with 100 pmol of siRNA duplex by electroporation (Neon Transfection System, Life Technologies), following the manufacturer's instructions. The parameters used were a pulse voltage of 1200 V, a pulse width of 10 ms, and a pulse number of 2. Forty-eight hours after transfection, cells were used for further functional analyses.
POS phagocytosis assays
POS were isolated from fresh porcine eyes obtained at a local slaughter house, as described previously (20) . Cholesterol and phospholipid content were measured by the Amplex Red Cholesterol Assay Kit (Invitrogen) and Phospholipid Assay Kit (Sigma-Aldrich), respectively. POS were used at a 10:1 POS/RPE ratio, unless otherwise specified. After cells reached confluence, they were incubated in low-glucose DMEM medium supplemented with 10% FBS for 16 hours.
POS were then added to the culture, and the cells were incubated for specific times. At the end of incubation, the cells were washed with ice-cold PBS containing 1 mM MgCl 2 and 0.2 mM CaCl 2 to remove unbound POS before use in downstream assays.
Isolation of phagosome-enriched fraction
Cells were treated with POS for 3 hours, and unbound POS were removed as described above. Cells were then resuspended in sucrose buffer [250 mM sucrose, 20 mM tris-Cl, 1 mM EDTA (pH 7.4)], supplemented with protease inhibitors (Sigma-Aldrich). Digitonin (1 mg/ml) was added to the cells [1:10 (v/v)] to promote selective breakdown of the plasma membrane (61) . Nuclei and intact cells were removed by centrifugation at 1000g for 5 min. The supernatant was further centrifuged at 5000g for 10 min to obtain a phagosome pellet. The supernatant was designated as the cytosolic fraction. The pellet was washed with PBS once and collected as the POS-enriched fraction.
Western blot analysis
Cells were lysed in buffer containing CelLytic M Cell Lysis Reagent (Sigma-Aldrich) and 2× Laemmli Sample Buffer (Bio-Rad) at a 1:1 ratio, 10 mM glycerophosphate, 10 mM pyrophosphate, 1 mM NaF, 1 mM Na 3 VO 4 , and protease inhibitor cocktails. After sonication, samples were resolved on SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad). Membranes were probed with specific antibodies, and signals were detected by Odyssey Infrared Imaging System (LI-COR). For tissue samples, RPE/choroid cells were harvested from mouse eye cups and lysed.
In vitro reconstitution assay
Confluent ARPE-19 cells were cultured in complete medium for 16 hours before subcellular fractionation. Cells were lysed in subcellular fractionation buffer [250 mM sucrose, 2 mM MgCl 2 , 10 mM KCl, 25 mM Hepes, 1 mM EDTA, 1 mM EGTA (pH 7.4)], supplemented with protease inhibitor cocktails. The lysate was passed through a 26-gauge needle 10 times, followed by incubation on ice for 20 min. The lysate was centrifuged at 300g for 5 min, and the supernatant was removed and centrifuged at 20,000g for 10 min. The resultant supernatant was designated as the C/M fraction. To remove the lysosomes, the C/M fraction was centrifuged at 100,000g for 30 min, and the supernatant (S100) was used as the lysosomefree fraction for the reconstitution assay. Alternatively, the C/M fraction was subjected to immunodepletion by incubating with antibody against lysosome membrane protein LAMP2 and protein G agarose beads to obtain a lysosome-free fraction (C/M-Lyso).
Purified POS were incubated with different cellular fractions (including WL, C/M, C/M-Lyso, and S100) at a ratio of 20:1 POS/starting cell number for 25 min at 37°C in kinase buffer [25 mM tris-Cl, 5 mM -glycerophosphate, 2 mM dithiothreitol, 0.1 mM Na 3 VO 4 , 10 mM MgCl 2 , 2 mM adenosine triphosphate (ATP) (pH 7.5)]. At the end of incubation, the reaction was stopped by adding 4× SDS sample buffer and then analyzed by Western blotting. Liposomes were prepared using the Liposome Kit (Sigma-Aldrich), following the manufacturer's instructions. The lipid components were 10% cholesterol, 70% phosphatidylcholine, and 20% stearylamine. Liposomes with lipid contents comparable to those of POS were used for the in vitro reconstitution assay.
Statistical analysis
Between-group differences were assessed by Student's t test or MannWhitney test, with the level of significance presented as P values.
Normality of the data distribution was evaluated using the KolmogorovSmirnov test. For multiple group comparison, if data passed the normality test (P > 0.05), then a one-way ANOVA was used, followed by Dunnett's post-tests or Tukey-Kramer multiple comparisons test. If the data were not normally distributed, then Kruskal-Wallis test (a nonparametric alternative to ANOVA) was used, followed by Dunn's multiple comparisons tests.
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